Erbium-doped silicon nanowires have been grown via a vapor transport and condensation method with ErCl 3 ·6H 2 O powder as part of the source in one step. The Er-doped silicon nanowires exhibit the room temperature photoluminescence at a wavelength of 1.54 m, ideal for optical communication. From I-V measurements, the resistivity of 4.2 at. % Er-doped Si nanowires was determined to be 1.5ϫ 10 −2 ⍀ cm. The Er-doped silicon nanowires were found to possess excellent field emission properties with a field enhancement factor as high as 1260. The The incorporation of impurity centers in a given material has led to many advanced applications. Rare-earth element doped materials have been shown to be highly versatile in diverse applications, especially for optoelectronic devices. Since the early report in 1983, 1 the optical properties of erbium doped materials have been extensively investigated. The incorporation of Er 3+ into semiconductors is a promising method to combine electronic devices with optical function. The intra-4f-shell transitions from Er 3+ would exhibit a luminescence at the wavelength of 1.54 m which is a crucial wavelength for transmission in silica-based optical fibers. The room-temperature operation of Er-doped silicon p-n diodes was demonstrated in 1994.
2 Erbium could be doped into different forms of structures which range from zero dimensional nanocrystals, 3 one dimensional nanowires ͑NWs͒ and nanotubes, [4] [5] [6] [7] [8] two dimensional thin film 9,10 to silicon wafers. 11 In the past decade, silicon NWs have attracted a great deal of attention since silicon is the most vital semiconductor material. Silicon NWs are promising for applications in future nanoscale devices and as vehicles to explore the intriguing physical phenomena in nanoscale structures. [12] [13] [14] For optoelectronic applications, Er-doped silicon NWs have great potential because of its 4 I 13/2 → 4 I 15/2 luminescent transition near 1.54 m used for telecommunication. The electrical properties of B-and P-doped silicon NWs were found to vary with doping species and concentration. 15, 16 Doping erbium into silicon nanowires shall affect both the electrical and optical properties of silicon NWs.
Silicon ͑100͒ substrates were ultrasonically cleaned in acetone prior to the deposition of 2-nm-thick Au film by electron-beam evaporation. Er-doped silicon NWs were synthesized via a vapor transport and condensation process with the use of Au catalysts. The quartz tube inside the three-zone furnace was evacuated to a pressure below 10 −5 torr using a diffusion pump. A constant flow of 60 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ Ar and 15 SCCM H 2 was introduced as a carrier gas through mass flow controllers and pumped through the quartz tube. The pressure inside the quartz tube was kept constant at 1 torr with a hand controlled valve. The three zones were heated from room temperature to reach 1100, 900, and 700°C, respectively, at the same time. The silicon source in an alumina boat was placed upstream in the 1100°C zone. The ErCl 3 ·6H 2 O source in another alumina boat was positioned upstream and close to the Au-coated Si substrates in an alumina boat. Aucoated Si substrates were heated downstream in the middle of the 900 and 700°C zones. After keeping the samples at the desired temperature for 90 min, the furnace was allowed to cool down to room temperature.
The surface morphology of the NWs was examined with a field-emission scanning electron microscope ͑FESEM͒ ͑JEOL JSM-6500F͒, operated at 15 kV. The transmission electron microscope ͑TEM͒ samples were scraped ultrasonically in ethanol and then dispersed on a Cu grid covered with a holey carbon film. A TEM ͑JEOL JEM-2010͒ equipped with an energy dispersive spectrometer ͑EDS͒ was used to determine the microstructures and chemical compositions. The I-V measurements were carried out in a multiprobe nanoelectronics measurement ͑MPNEM͒ system. The MPNEM system is composed of FESEM ͑JEOL JSM-7000F͒, nanomanipulator system with four tungsten probes ͑300 nm in tip size, Kammrath & Wiess GmbH͒, and I-V measurement system ͑Keithley model 4200-SCS͒. During the I-V measurement in the SEM, the electron beam was turn off to exclude the influence from the electron beam. Figure 2 shows the TEM image of a 20 nm nanowire sheathed with a 1.5-nm-thick oxide layer. Analysis of the electron diffraction patterns indicate that the nanowires are single-crystal silicon with ͓110͔ growth direction, which has been observed for Si NWs grown by either vapor-liquid-solid or oxide-assisted mechanism. [17] [18] [19] [20] From the EDS spectrum displayed in the inset, the silicon NW was found to consist of about 4.2 at. % erbium. The Cu and C signals originate from the Cu grid covered with C film. Figure 3 shows the room-temperature photoluminescence ͑PL͒ spectrum of the Er-doped silicon NWs. The PL spectrum was pumped with a 514 nm Ar laser. The Er-doped silicon NWs display the characteristic Er 3+ luminescence at the wavelength of 1.54 m. The PL at 1.54 m comes from the intra-4f-shell transitions of Er 3+ doped in the silicon NWs. As a result, the silicon NWs are endowed with a significant optical function at room temperature through Er doping. On the other hand, for oxygen-and hydrogen-terminated silicon nanowires, Dovrat et al. 21 have found that the redand the blue-emission bands from these nanowires are characterized by homogeneous broadening and are due to interface states in the silicon core and oxygen-based defects at the oxide cladding layer, respectively. It is expected that visible PL should be affected by the presence of Er, particularly since there are reports on resonant energy transfer, assisted by the silicon nanocrystals or nanowires to enhance the PL associated with Er. The influence of Er doping on SiNWs with controlled size in visible spectrum is an important subject that needs to be investigated.
The use of silicon in electronic devices is strongly dependent on the presence, species, and concentration of doping impurities able to control the Fermi level close to the conduction or valence band edges. The resistivity of silicon NWs would be reduced via the doping of impurities to increase carrier concentration. For I-V measurements, focused ion-beam system was used to deposit square-shaped platinum layer as contacts at the two edges of Er-doped silicon NWs dispersed on the SiO x / Si substrate, as shown in SEM image in the inset of Fig. 4 . The Ohmic nature of the contact is indicated from the linear I-V relationship shown in Fig. 4 . For impurity concentrations lower than the solid solubility, the contact resistivity between the contact metal and Erdoped SiNW is proportional to exp͑ / N 1/2 ͒, where is the potential barrier between the contact metal and Er-doped Si NW and N is the impurity concentration in the Si NWs. 22 When the impurity concentration increases, the contact resistivity would decrease. The electrons would easily tunnel through the barrier between the contact metal and Er-doped Si NW. The resistance and resistivity of the 190 nm in diameter Er-doped silicon NW were calculated to be 3.49 k ⍀ and 1.5ϫ 10 −2 ⍀ cm, respectively. The ressitvity is considerably lower than those of pure silicon ͑1 ϫ 10 4 ⍀ cm͒ and asreceived silicon wafers ͑1-10 ⍀ cm͒. A detailed investigation of electrical and defect properties of Er-ion implanted Si showed that erbium doping introduced donor states. 23 The result indicates that Er atoms reside at the Si lattice sites and contribute to the electrical carriers to enhance the conductivity of the Si nanowires. Figure 5 shows the current density ͑J͒ as a function of the applied electric field ͑E͒ with a separation of 220 m between the anode and emitting surface. The turn-on field, defined as applied field for receiving current density of 1 A cm −2 , was measured to be about 4.6 V m −1 . The Fowler-Nordheim ͑FN͒ plot of ln͑J / E 2 ͒ against 1 / E is shown in the inset of 24 The turn-on field of 4.6 V m −1 is low compared to 6 V m −1 for boron-doped Si particle chains. 25 The increase in the ␤ value is attributed to the enhanced conductivity with doping impurities in silicon. The doping of erbium would elevate the carrier concentration and reduce the resistivity of silicon nanowires. Silicon NWs have been considered to be the key part of the most promising technology to extend the size limit of the silicon-based electronic devices. Er surface-enriched silicon NWs were prepared by the pyrolysis of silane and a volatile erbium complex on a Au catalyst surface. 5 Optical activation of silicon NWs using sol-gel derived Er-doped silica has been demostrated. 6 In the present work, uniform Er-doping in the silicon NWs was achieved by a facile vapor transport and condensation method in one step. The doping results in light emission at 1.54 m and a lowering of electrical resistivity. In addition, the NWs may also be used as field emitters with their excellent field emission properties. For practical applications, the variation in electrical, optical, and field emission properties with doping level as well as complexforming species needs to be further investigated. 9, 11, 22 One can envision Er-doped silicon NWs serving as active components of field effect transistors as well as light emitters, detectors, and/or waveguides for optical applications, perhaps simultaneously. A recent work demonstrated the room temperature ferromagnetism for the Mn + -implanted Si NWs, which may lead to spintronics application. 26 The rich variety of physical properties exhibited by the doped Si NWs points to versatile applications for advanced devices.
In summary, erbium-doped silicon NWs have been synthesized with a vapor transport and condensation method with ErCl 3 ·6H 2 O powder as part of the evaporation source.
The incorporation of erbium into the silicon NWs was verified by the TEM/EDS, I-V measurement, and PL. The Erdoped silicon NWs exhibit the room temperature PL spectrum at the wavelength of 1.54 m which comes from the intra-4f-shell transitions of Er 3+ doped in the silicon NWs. From I-V measurements, the resistivity of Er-doped silicon NWs was determined to be 1.5ϫ 10 −2 ⍀ cm. The Er-doped silicon NWs were found to possess excellent field emission properties with a field enhancement factor as high as 1260. 
